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Abstract

We report in this letter the results of a study of the massive bipolar outflow
in the central region of the giant molecular cloud Monoceros R2. We find
inour COJ=1— O maps an “cggplant-shaped”, thin bipolar outflow shell
which outlines the extended bluc lobe of the bipolar outflow. The projected
length and width of the shell arc about 5.7 pc and 2.5 pc respectively, and the
averaged projected thickness of the shell is estimated to be 0.3 pc. The shape
of this thin shell andthe mass distribution of the blue-shifted outflowing gas
as a function of velocity canbe satisfactorily accounted for quantitatively
within the framework of the Shu et a shell model with radially directed
wind. The outflow shell’s symmelry axis is inclined by ~ 70° with respect
to theline of sight. We suggest that the coincident blue- and red-shifted
emission and the bending of the red-shifted lobearc the result of thered-
shifted shell being compressed, rather thanhaving a second bipolar outflow

aligned roughly perpendicular to the axis of the first bipolar outflow.

Subject headings:




1 Introduction

Since the discovery of the first molecular bipolar outflow associated with
young stellar objects more than a decade ago (Snell, Loren and Plambeck
1980), extensive observational and theoretical studics have beenundertaken.
At present, the bipolar outflow phenomenonseems to be one of the relatively
best studied phenomena associated with star formation (cf. Bally & L.ada
19S3; Lada 1985;Sncll 1987; Shu, Adams & Lizano 1987; Bally and lLane
1991 ). However, outflow research is still at a stage where phenomenological
models remain useful tools for immproving our understanding about this phys-
ical process. in particular, geometrical considerations play a critical role for
evaluating modeclsin terms of morphology as well as energetics. Several ex-
amples are the filled biconical lobe model by Cabrit & Bertout (1 986;1990);
the shell model by Moriarty -Schieven (1988) and Moriarty-Schieven & Snell
(1988); the thin paraboloidal shell model by Meyers-Rice & Lada (1991 ) and
the simple yet powerful shell model by Shu et al (1991, hereafter SRLL; see
also Masson & Chernin 1992, hereafter MC). The model presented by SRLIL
not only has the potential to explain important characteristics of observed
outflows, but also naturally links the bipolar outflow phenomenon with star-
forming activity. One basic element inthe SRLL mode] is an elongated, thin,
closed expanding shell of swept-up ambient gas, driven through momentum

conservation by a radialy directed stellar wind.




The Mon R2 bipolar outflow (Loren 1981) is by far one of the largest in size
andin mass, among the two hundred or so outflows identified (Bally and
Lam 1991 ). Torrelles ef al (1983) argue thatthe bipolar outflow in Mon
R2 is collimate] by a toroid which directs the initially isotropic. stellar wind
along polar directions. Wolf, Lada & Bally (1990) and h4cyers-Rice & l.ada
(1991 ) have presented detailed observational studies of the Mon R2 outflow.
Although they discuss evidence for the existence of thin shell, they do not
find limb-brightened shellsin their spatial maps. The outflowing gas appears
to have scveral components, whit]] Meyers-Rice & Lada (1991) explain in
terms of the existence of two distinct pairs of bipolar outflows with flow axes

almost perpendicular to cachother.

In this letter we report an observational project onthethe structure of the
Mon R2 bipolar outflow, which focuses on the finding of a well-shaped bipolar
outflow shell, and compares its spatial shape and structure with the SRLL

model.

2 Observations

Observations of the CO J =1 - O transitionin Mon R2 were made using
the QUARRY 15-clement focal plane array (Erickson et al 1992) at the 14

In FCRAO telescope in New Salem, Massachusetts, from 1991 April to I)c-



cember. The mapping was centered on a(1950) = 06’ 05227, 6(1 950) =
—06°22'25", the position of theinfrared star clusterin the core of Mon R2
(cf. Beckwithetal 1976; Hodapp 1987; A spin & Walther 1990). The spac-
ing of the data is 25" while the FWHM beam size: of the telescope is about
457 at 115Gllzand 47" at 110 GHz. The main beam efliciency was es-
timated to be 0.55. A filterbank spectrometer with resolution of 250 klz
(corresponding to a velocity resolution of 0.65 Am .s'at 115 Gllz) was used
as the primary spectrometer with 32 channcls for each of the 15 receivers.
Chopper wheel calibration was used andthe data were takenin aposition-
switching mode with a cominon reference position at «(1950) = 06%11™00¢,
6(1950) =-04°3000", Because the velocity coverage of the filterbank avail-
able with QUARRY at the time the data were taken was only about 20

km s7!

, Whit]] cannot provide reliable information for the gas at the high -
est velocities, we sampled a strip more than 30 arcminutes long in CO with
30 arcseconds spacing along the outflow axis, using the single-beam receiver
system at the 14111 FCRAO telescope. The primary filterbank used had 256

channels each of 100 kHz bandwidth), corresponding to 0.26 kwmn s'resolution

at 115 Gllz.

Figure la presents velocity channel maps for COJ =1 — O emission in
the main core region of MonR2.0One striking feature inFigure la is the
appearance of an eggplant-shaped thinshell feature (conspicuous in several

channel maps with velocity close to 10.5 km s', thecentroid velocity of




the c.ore) extending fromthe (O, O) position to the North-West for about
22 arcmin. Figure 1b presents an overlay of the high velocity gas with the
shell seen in the Visr== 10.88 km .s'CO channecl map. Figure 1b clearly
snows that the blue-shifted lobe of the well-known bipolar outflow sits nicely
within the boundary of the Shell, posing the immediate possibility that we
arc witnessing the limb-brightened thin shell swept up by collimated stellar
winds from the centra driving source of the bipolar outflow as predicted by
outflow models (cf. Snell1987;SRLL). IFigure 2 shows the spatial-velocity
(SV) cut along the outflow axis. Following Meyers-Rice & Lada (1991 ), we
identify four lobe features: theextended blue lobe (EBL), the compact blue
lobe (CBL),the compact red lobe (CR1) and tlic extended red lobe (KRL).
While the EBL component is clongated towards the Nortll-West, the ERL

component appears snort with a “bent” head.

3 The Outflow Shell

3.1 The Model

The SRLL model expresses the shape of the whole, closed outflow shell with
an analytical formula, while other models (cf. Moriarty-Schieven & Snell
1988;1989; Meyers-lticc & Lada 1991). have considered shells with open

ends. Figure 3a is a schematic of the model (cross-section in the plane con-



taining the outflow axis and the line of sight, i.e., ¢ =n/2). The basic
formulae can be summarized as follows (SRI,],; MC). In a spherical polar
coordinate system (7,0, ¢), both the stellar winds fromthe star and the am-
bient surrounding medium arc assumed to have axia symmetry and reflection
symmetry about the equatorial plane (0 == /2).Specifically, the ram pres-
sure force per steradian, f(j)[g om Ssr1], of the wind is a function only
of u(= cosh)

J(n) o< P(p), (1)

and the density of the ambient material p(r,pt)[g cm®sr~!] can be expressed

o) o T, @

where P(p) and Q(y) arc dimensionless functions not specified by SRLL. Onc
approach is to let P(;) and Q(p) have a power-lJaw form (MC), P(y) o pu®
and Q(u) o u~P. With these simplifications andthe further assumptions
that the stellar winds move out by sweeping the ambient medium into a thin
shell with momentum conservation ( “snowplow” ) and that the net mass flow
along the @ direction in the thinshell is negligible, the shell velocity v,(j¢)

along cach radial direction (0= constant) will be
va(pt) = vopt’, 3

where & = (a+8) /2. Since v,(s) is independent of time, the shell will develop

self-similarly, ry(p) = vs(p)t. Theline of sight velocity of the swept-up gas

a4




v; = vs(p)(sin Osin t sin ¢ + €08 0 cos 7). (4)

Figure 3bshows asimple sl)atia.1-velocity diagram alongthe projected out-
flow axis (¢ = n/2) with aninclination angle ¢, assuming a perfect thin
shell without line-broaclming. The swept-up mass in the shell per steradian,

m(p)[g sr=?], can be written as

dmnyg
dit

171(#) == tﬂ(a”ﬁ)/2> (5)

where vo and i:ﬁ“arc the shell velocity and mass loss rate along the polar

direction, respectively.

3.2 The Outflow Shell

In order to sec whether the model can account for the observed “eggplant”
shaped shell and major characteristics of thie high velocity gas, it would be
ideal if the model parameters « and 3 could be determined by observational
data (MC). This is a challenging task because many physical processes and
various projection effects greatly complicatethe way the mode] equations
relate to the observed physics] quantitics. First, theshell in reality is of
finite thickness with velocity broadening as a result of turbulence (SRLL,
MC), and the emission from the swept-up gas in the shellis expected to show

limb-brightening in velocity channel maps, as can be casily demonstrated by




deriving the locus of constant-velocily emission from the swept-up gas. This
g y

explains qualitatively why the limb-brightening (outflow shell) only shows
up in afew velocity channclmmapsinFigure 1. As for the shape of the
shell, it can be shown that the maximum extents of the outflow shell along
and perpendicular to the outflow axis projected on the plane of the, sky are,
respectively,

(6)°

W, = 2vot@: NG (6)

and

L, = vot(cos 0,)° sin(i — 0,), (7

where g, = arctan(L&L)—'a"—";ﬂé%)?au?-”-@),lﬁ Scc.end, in the plane deter-
mined by the line of sight and the outflow axis, the blue-shifted line of sight
velocity of the swept-up gas in the shell is maximized at the following posi-

tional offset from the outflow center alongthe outflow axis,
As = vol(cos 0,) sin(i - 0,), (8)
and achicves a maximum value,

Vmaz = Vo(c0s0,)° cos(i — 0,), 9)

_ 2 2.:1/2
where 0, = a.rcta,n(—(éﬂli((%;t)aiﬁi@fi)—ff»).

Notice that Wi, Ls, As and Vmaz on the left hand sides in equations 6 through
9 arc all quantities that can be determined observationally. Specifically, the

maximum width W, and maximum length I, of the outflow shell are found




tobe 22" (~ 6.2 pc) and 11’ (~ 3 pc)respectively. As and Va2 can be
determined to be about 1 6'(~ 4.3 pc)and 8 kin/s, respectively, from the
SV diagram alongthe outflow axis. In obtaining the value for vyu.., Wwe have
taken the centroid velocity of the quicscent gas to be Vi,gg = 11.0 kmn/s. This
isa bit larger than the Vi,sn velocity of 1().0 — 10.5 km/srevealed by optically-
thin tracers (Wolf, Lada & Bally 1990), but given the velocity gradient on
the scale of the outflow (Figure 2), 11 km/sscems to be abetter reference
velocity to use for the KBl component under discussion. Using Equations 6
-9, the four unknowns,vo,1,6 and i can be obtained numerically, giving
vo = 17 km/s, 6§ = 6,7 = 74° andi= 3,2 x 10°ycars. Figure lc presents
an overlay of the modeled constant velocity locus with the velocity channel
map at 10.8 km/s. We sce that the mode] explains quite well the shape of

the observed outflow shell.

To obtain a and § separately, M C suggested the usc of the observed line
profile averaged over the whole outflow, and we present here a variation
on this approach, in the plane determined by the outflow axis and the
line of sight (¢ = 7/2), the column density sampled by the telescope beam
m(v;) [g em™?] is related to m(p) by

m(v) = m(p)AQ=m(u );—‘*——, (lo)

3

where p is obtained from Iiquations 3 and 4 as a function of viandi (¢ =

n/2). 1t is plausible that the outflow’ shell in reality is of finite thickness




ancl velocity broadened due to turbulence. Indeced, the S-V diagram (Figure
2) indicates that the extended blue-shifted emission shows an arm-feature
as expected by the model (see Figure 3b), corresponding to little bumps in
the line profiles at different positions, which were taken to be evidence for
the existence of shell structure (Wolf, Lada & Bally 1990). Similar “bump”
features arc also observed inother outflow sources (cf. Bachiller et a 1990). If
wc assume that the line-width of the bumpsis mainly caused by the turbulent
motion and the finite thickness of theshell, and the variation of thecentroid
velocity at different positions cau be eflectively described by Kquation 4, then
wc expect that the integrated intensity of the little buinps as a function of v;
should approximately follow Equation 10. IFigure 4 presents the comparison
of Eq. 10 with the data. The data points at lower velocity offsets suffer from
large uncertainties because the bump features at velocity offsets smaller than
3 km/s arc very much mixed with emission from the ambient gas. For these
data points wc have estimated lower and upper limits, asplotted in Figure 4.
The data points at velocity offsets higher than 3 km s'arc mainly subject

to statistical noise of the data, which is estimated to be o = 0.3 K km/s.

Given the possible initialinhomogencity of the ambient gas before being
swept up and the clumpiness of the outflowing gas, the consistency of the data
seems remarkable. Although the data do not allow a precise determination
of B, values around 2 arc clearly favored,and values much higher than 4 can

almost be ruled out. Since a + =226 ~ 12, wc scc that @ may take a




value close to 10, and is in gencral larger than 3. We assumed that the CO
emission of the shell is optically thinin the above treatment; this mnay not
be a serious problem at higher velocities, but the optical depth will probably
increase as velocity offset decreases, and the data points at lower velocities
in Figure 4 should be regarded as lower limits. Thusthe vaue of o estimated

above should be an overestimate.

3.3 Discussion

a and B are both physically meaningful quantities, as discussed by MC.
Assuming power-law forms for I’(y) and Q(p), MC investigated the behavior
of the line profile averaged over the whole outflow, which is equivalent to what
is observed with a mall telescope whose beain covers the whole outflow.
From this analysis, MC argued that a large valuc for 8 and a mall value
for a arc required to explain the obscrvational results for the outflows which
they analyzed. A large 3 value implies a substantial density contrast between
polar and equatorial directions, which is not observedin studies of dense cores
by Myers et al (1991) and Fuller & Myers (1 992). A smal « implies a poorly
collimated wind, which does not explain the existence of optical jets often
accompanying molecular bipolar outflows. Fromthese results MC concluded
that a ‘(snow-plow’) modecl with radially directed winds can be ruled out.

However, in the case of Mon R2 outflow, it seems that a small value for

10




B and a large value for « are clearly favored, and the SRLL’s “snowplow”
model with radially directed winds provides a satisfactory interpretation of
the extended blue-shifted cmission and the spatial shape of the observed
outflow shell. Since the conclusions of MC are drawn under the assumption
that the inclination angles is not too large, while the inclination angle for
Mon R.2 outflow is estimated to be ~ 707, a direct comparison] between MC's

and our results can not be easily made.

4 Overall Structure of the Mon R2 Outflow

We have so far confined ourselves to the study of the extended blue-shifted
emission and the limb-brightened shell caused by the stellar winds directed
towards the north-west. Animmediate question is: what about the oppo-
sitely directed stellar wind from the central source ? Indeed, as mentioned
in Section 2, several features arc clcarlyidentifiable in the spatial-velocity
diagram (Figure 2), and wc have only explained the 1Bl component so far.
Meyers-Rice & Lada (1991), devising a paraboloidal shell inodel withan open
end for Mon R2, have decided that the KR component is the counterpart
o f the EBL,and attributed the CRI, and CBL components to the existence
of a second bipolar outflow with axis perpendicular to the KEBL-ERL bipo-
lar outflow, though they were puzzled by the obvious Lending of the ERIL

component (see Figure 11) and Figure ‘2). What is remarkable is that they

11



estimated the inclination angle of the IX'B L.- ERL outflow to be~ 66°, which is
consistent with our results, despite the usc of a very different shell model. We
interpret this as a manifestation of the fact that infered outflow properties

arc highly sensitive to the inclination anglez.

Several facts together seem to be difficult to understand within this double-
bipolar-outflow picture. First, the 'Rl component appears bent spatially;
second, all the components, CRL, ERL, CBL and EBL, have comparable
velocity extents; third, the two bipolar outflows have the same center and
have axes perpendicular to cachotlier. Although it is not impossible for
such two outflows to exist, we feel that it may scem too much a coincidence.
Such a doubt is enhanced by the finding by Xie & Goldsmith (1992) that the
structure of the Mon R2 GMC is dominated by alarge, mainly blue-shifted
CO bubble shell which is ~ 30 pc cast-west inextent. These authors have
found that the main core region of Mon 1{’2, which harbors the bipolar outflow
source, appears to beconthe west part of the bubble, moving with a net
hluc-shifted velocity of ~ 1 --2 km/s, relative to the Visp~ 12 km/s of the
ambient gasinthe outer part of the GMC.In fact, the core appears to have
alrcady become a “peninsula”in the cavity presumably because of the slower
velocity it achieves relative to the less dense ambicnt gas, as can be seen in
the velocity channel maps presentedinltigure 1. The reality of this peculiar
bubble structure of the region is strenthened by the previously reported,

puzzling “bent” morphology of the magnetic field inthe core (Zaritsky et al
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1987; Hodapp 1987; Novak et al 1989; Aspin & Walther 1990), as discussed

by Xic (1992).

How do stellar winds affect the gas inthis peculiar, initially inhomogencous
cnvironment ? Conceivably, geometry is againthe key. Figure 5 depicts the
picture that we have developed so far of the overall structure of the Mon
R2 outflow. We thiuk that the development of the stellar winds at one pole
directed into the ambient mediuin to the llortll-west of the cavity gave rise
to the EBL component outlined by the limb-brightened shell feature (Figure
1), while the stellar winds at the other pole are directed largely towards the
bubble cavity to the cast. The first stream of stellar wind towards the north-
west (hereafter referred to as NW wind) sweeps up the ambient gas into an
clongated shell roughly inthe fashion described by SR1.L model. If the value
of B is close to 2, it means that the: initial condition, as far as the NW wind
is concerned, may have been close to a “dab”, p o (rp)~2 o< 1 /7, consistent
with the fact that the outflow is located on a bubble shell of large radius
approximating a slab. Second, the stellar wind moving towards the south-
east (hereafter SIS wind) may gradially find increasing difficulty intraveling
straight ahead along the polar direction. There could be several effects which
influence the development of the SW wind. 1) The density of the gas outside
of the very dense core may increascinthe SW direction because of the shock
compression from the large cavity. As a result, the outflow shell swept up

by the initially collimated bipolar stellar winds may achicve a larger velocity
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perpendicular to its axis, beforced to develop in the lateral direction, and
thus become oblate, This effect can be seen qualitatively from the “snow-
plow” modeling discussed inthe previous section; a small or a negative S will
reduce the major-minor aspect ratio of the outflow effectively (Fquation 3);
2) the same effects on the bipolar outflow shell may also be caused by the
direct compression from the high pressure of the cavity or the expanding wall
of the cavity, as is likely that the bipolar outflow shell drivenby the NE wind
may be breaking out of the core. Such a compressed outflow shell, if observed
with a large inclination angle, would show both red- and blue-slliftccl lobes
with the red-shifted lobe possibly largerinextent; and such a pair of blue-
and red-shifted lobes, if interpreted as asccond pair of bipolar outflow, would
also have an “axis’ perpendicular to the “first” pair of bipolar outflow, as

can bescenin Figure 5.

We have obscerved a well-s]lapcd bipolar outflow shell in Mon R2. We have
found that both the shape of thisshelland the mass distribution of high
velocity gas as a function of velocity canbe satisfactorily explained within
the framework of Shu efal model. The location of the outflow on a large-
scale bubble shell of compressed gas explains the red-blue asymmetry of the

outflow and apparent pcculiaritics inspatial-velocity diagrams,

14
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Figure Captions

Figure 1. (a) Channclmaps for the CO J = 1 — O emission in the main core
region of Mon R2. The central velocity of cach 0.65 km s~ filter is indicated
inthe upper left hand corner of each pancl. The grey scale ranges from 1 K
(white) to 14 K (black). One conspicuous feature in scveral velocity channel
maps with velocity close to the centroid velocity of the core is an eggplant
shaped shell extending from the (o, 0) position to NW. (b) An overlay of the
shell feature (grey scale) with the high velocity gas (contours). Solid contours
arc for the blue-shifted cimission(Visi=2 -- 8 km ) with levels1,2, . . ..
7,10, 13, . . .. 22 K km s~ 1. The dashed contours arc for thered-shifted
emission (Vs = 12 -- 18 kb S1) withlevels 2, 4, .. . . 26 K km S-I. The
grey scale ranges from 1 K (white) to 14 K (black). (1 c¢) Anoverlay of the
modeled constant velocity locus with the velocity channelmap at10.8km/s.

The grey scale ranges from 1 K (black)to 14 K(white).

I‘igure 2. The spatial-velocity diagram along the outflow axis, from (7.5,
-10) to (-15, 20). We follow Meyers]{icc & Lada (1 991) in labeling the main

features.

Figure 3. (a) Schematic diagram for the outflow shell geometry; (b) Simnpli-
fied schematic spatial-velocity diagramalongthe outflow axis at inclination

angle ¢, calculated from the model by assuming infinitely thin shall without

20




line-broadening.

Figure 4. Mass distribution as a function of the shell velocity for the extended
blue-shifted shall. For data points with velocity offsets smaller than 4 km s,
lower and upper limits arc shown, as explainedin text. The solid curves arc

model predictions with different values of g.

Figure 5. A cartoon depicting the physical picture of the overall structure of

the Mon R2 outflow.
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